Abstract: This study looks into reliability assessment and components rating of a wind-power system with integrated battery energy storage. The system can potentially be used in remote electrification projects to mitigate the reliance on diesel generators. A reliability assessment method has been proposed in this study, based on a combination of the traditional analytical and simulation-based approaches, to enable calculation of reliability indices, required battery capacity and power rating, and power rating of the power-electronic converter of the wind-power units. The proposed method is easy to implement in the MATLAB software environment, takes into account the units forced outage rate (FOR), and also permits modelling of the gridconnected mode. state in which generator k is in the wind-speed condition j and available
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power output of generator k, in kW, at state S ij P ij total power output, in kW, at state S ij P rot rotor power of DFIG, in kW P bat battery power, in kW P L load power, in kW P Le effective load power, in kW P ch -max maximum permissible charging battery power, in kW P dch -max maximum permissible discharging battery power, in kW P ex battery power available for export, in kW E min minimum permissible battery stored energy, in kWh E max maximum permissible battery stored energy, in kWh T sampling period, in hr (unity in this paper) the state-of-the-art remote electrification technique is to utilise diesel generators, [1] [2] [3] , due to their simplicity, ruggedness and acceptable reliability. However, diesel generators are rather inefficient and pollute the environment. Moreover, the transportation of diesel fuel can be costly and risky. Thus, a fair number of studies have been conducted on the subject of augmenting diesel-based electric power generation with renewable energy resources which may be potentially available in many such remote sites [4 -10] .
Infield et al. [4] investigate different wind/diesel/storage systems in terms of economic operation. Nayar et al. [5] discuss multiple system configurations and the economics associated with major system components of a solar/wind/ diesel system, which also includes energy storage. In [6] the economic dispatch problem in wind -diesel hybrid systems is investigated, whereas [7] deals with the modelling and performance of a wind -diesel hybrid system based on an electronically coupled squirrel-cage asynchronous generator. In [8] an electronically controlled, variable-frequency, wind -diesel hybrid system has been proposed to improve the overall system efficiency. Lopes and Almeida [9] propose a stand-alone wind-power unit based on the asynchronous generator and a reduced-rating voltagesourced converter (VSC). Bhuiyan and Yazdani [10] study the operation and control of a doubly-fed induction generator (DFIG)-based wind-power unit augmented with the battery energy storage to run in the islanded mode as well as the grid-connected mode of operation. The aforementioned body of the literature, however, primarily deals with the feasibility of hybrid systems from the control, configuration and economy viewpoints, and not the reliability criteria or component sizing requirements to fulfill a certain level of reliability. This paper deals with the issues of reliability and components rating for the wind-power/storage system introduced in [10] . The idea in [10] has been to utilise battery energy storage in conjunction with a DFIG-based wind-power unit, to enhance the reliability and continuity of electric power supply to a remote site. The battery energy storage enables the wind-power unit to satisfy the load such that the network voltage and frequency remain regulated. The proposed system can run in the islanded mode, as well as the grid-connected mode of operation. The reliability assessment methodology presented in this paper combines the traditional simulation-based [11] and analytical [12] approaches, and with minor modifications is also applicable to different configurations of hybrid systems. The proposed method takes into consideration the forced outage rate (FOR) of the wind-power unit(s), the FOR of the transmission line, the battery capacity and required power handling capability, and the random natures of the wind and load. The proposed algorithm has been implemented in MATLAB software environment, and its application to the wind-power/storage system of [10] has been demonstrated. Fig. 1 illustrates a simplified schematic diagram of the study wind-power/storage unit (WPSU), interfaced with a remote distribution network. The WPSU is based on a DFIG, which is controlled by the back-to-back connection of a rotor-side converter (RSC) and a grid-side converter (GSC); a battery bank is interfaced with the converters dc link [10] . Fig. 1 also shows that the distribution network embeds a constant-speed induction generator (CSIG)-based wind-power unit, an aggregate of local loads, and a switch that can establish or interrupt the connection between the distribution network and the grid. Hereinafter, the CSIG-based wind-power unit is referred to as the CSIG.
Study system
In Fig. 1, P (1) ij and P (2) ij signify the wind powers extracted by the WPSU and the CSIG, respectively; the total wind power, P
(1)
ij , is denoted hereinafter by P ij . In the islanded mode, the battery power, P bat , is automatically controlled through a voltage/frequency regulation scheme, [10] , to compensate for the difference between P ij and the total load power, P L . In the grid-connected mode, however, P bat is an independent control variable to either charge the battery or deliver a pre-specified amount of power to the rest of the system.
Reliability of study system
Wind energy is stochastic in nature and, as such, is often characterised by means of probabilistic techniques [13] . Voorspools and D'Haeseleer [14] establish that probabilistic methods in power systems are preferred over deterministic methods, even for short-term reserve planning calculations. In power systems, two distinct probabilistic methods exist for the calculation of reliability indices [12] . These are: (i) the closed-form (or analytical) method and (ii) the simulation-based method [11] . Based on the analytical approach, [15 -17] , Weibull probability density function (pdf) and the corresponding cumulative distribution function (cdf) are usually employed to characterise the wind speed [18] . These functions, in conjunction with the turbine power/wind-speed characteristic function, [19] [20] [21] [22] [23] , characterise the power output of a wind-power unit. The main shortcoming of the analytical approach is that it cannot readily take into account the chronological variations of the wind speed and the battery state-of-charge [24] . By contrast, in the simulation-based approach, wind speed is forecasted through a time-series analysis on the past wind data [25] . Although accurate, the simulation-based method requires a fairly complex forecast model and large amount of past wind data [26, 27] .
In a number of investigations, wind and hybrid systems augmented with battery energy storage are modelled and analysed through probabilistic techniques [28, 29] . However, the reported studies do not consider the generators FOR and are limited to the islanded mode of operation. This paper proposes a new method for the calculation of the reliability indices based on a combination of the analytical and simulation-based approaches. The proposed hybrid method permits the use of a fairly limited volume of past wind data, for example for 1 year, and also takes into account the units FOR. The proposed method also accommodates the grid-connected mode of operation and enables the modelling of the battery state-of-charge. Although applied to a specific system configuration, the proposed method is also applicable to other system configurations.
Reliability index
In this paper, the loss of load expectation (LOLE) is considered as the reliability index. The LOLE is the expected duration within a certain period of time, for example, 1 year, over which the load demand exceeds the total generated power. Mathematically, the LOLE in hr/yr is expressed as
where P ij [h] is the total generation during the hth hour and n ¼ 8760 is the number of hours in a year. P Le [h] is the effective load power which is precisely defined in Section 3.2.
Proposed hybrid algorithm
The following algorithm is proposed in this paper for the calculation of the LOLE for the system of Fig. 1: 1. Hourly wind speeds of, for example, 1 year, expressed in the form of a time series, are input to the turbine(s) power/ wind-speed characteristic function(s), and a time series is generated for the total power generation P ij ¼ P
ij . To this end, steady-state power/wind-speed turbine characteristics [see (4) ] may be employed since the sampling intervals are relatively long, that is T ¼ 1 hr; 2. Based on either a load model or a set of hourly recorded data, a time series is constructed for the load power P L ; 3. Based on P ij , P L , and the control logic of the WPSU, the battery stored energy, E bat , is calculated for all hours. Then, based on E bat , the battery power available for export, P ex , and subsequently the 'effective load power', P Le ¼ P L À P ex , are calculated for each hour and expressed in time-series forms; and 4. Using the 'capacity-in probability table',
is calculated for each hour. Then, the hourly probabilities are integrated to calculate the LOLE, based on (1). The generators FORs take part in the construction of the capacityin probability table.
3.2.1 Construction of time series for the total power generation: To construct the total power generation, hourly wind speed data, that is v[h], is required. It is assumed in this paper that the data are available for at least 1 year and can be expressed as a time series. Using the time series and the turbine(s) power/ wind-speed characteristic(s), the time series for the total power generation P ij ¼ P
ij can be constructed. In addition, a continuous pdf can be fitted on the time series to enable calculation of the probability of the wind speed to lie within a certain range. This probability is required for the construction of the capacity-in probability table, as further explained in Section 3.2.4. The most commonly adopted pdf for this purpose is the Weibull pdf [18] 
where v is the wind speed in m/s. a and b are the pdf scale and shape parameters, respectively, and can be estimated using the wind speed time series. For the Weibull pdf, (2), the corresponding cdf is
which formulates the probability of the wind speed v being smaller than a value, V 0 .
For each wind-power unit, the power output, P (k) ij , is calculated based on [19] , as
where V ci , V r , and V co are the cut-in, rated and cut-out wind speeds, respectively. P (k) rat signifies the rated power output of the wind-power unit. The coefficients a, b and c can be calculated based on V ci and V r , as explained in [16] and [19] that is the third condition in (4) , is fulfilled by a pitch-angle control scheme in a variable-speed unit, such as the WPSU, and by a stall regulation mechanism in a constant-speed unit, such as the CSIG.
It should be noted that the characteristic (4) is valid for a steady state regime, but adequate for the purpose of this paper due to the large sampling period (of T ¼ 1 hr).
Equation (4) indicates that the power output is zero for wind speeds below V ci or above V co . Based on (4), the output power is held constant at P (k) rat when the wind speed is between V r and V co ; this is ensured by pitch-angle control in the WPSU or by stall control in the CSIG. Equation (4) further indicates that when the wind speed is between V ci and V r , the power output is a quadratic function of the wind speed.
Construction of time series for load power consumption:
The simplest widely adopted load model is based on the hourly peak power consumption [12] , and is constructed by recording the load peak power in a particular site, over, for example, 1 year. This model yields a fairly accurate representation of the load, since it also accounts for the seasonal load changes.
Alternatively, the load can be characterised by a pdf. Two commonly used pdfs are the uniform pdf and the normal pdf. For a uniformly distributed load, the pdf is
where P Lmax is the maximum yearly load peak power, and P Lmin is the minimum yearly load peak power. The pdf of a normally distributed load can be expressed as
where m is the mean value and s is the standard deviation. Once the pdf is determined, the time series P L [h] can be generated by suitable MATLAB commands, based on (5) or (6) . If the diurnal load variations are of prime importance, the IEEE reliability test system (IEEE-RTS) load model is often adopted. In this paper, the IEEE-RTS load model is constructed based on the method described in [11, 30] .
Commonly, the hourly load peak power values are arranged in a descending order, and the resultant time series is referred to as the load duration curve (LDC) [11] . An LDC indicates the total number of hours in a year during which the load power is larger than a value on the vertical axis. To enable better comparisons, three LDCs corresponding to a hypothetical load are shown in Fig. 2 . The load maximum and minimum yearly peak powers are 350 and 120 kW, respectively. The three LDCs of Fig. 2 are generated based on the IEEE-RTS model, (5) and (6), respectively.
3.2.3 Construction of time series for battery power, battery stored energy, and battery power available for export: Due to the variable natures of wind and load, in an off-grid system the power output of a wind-power unit does not necessarily match the load power. Therefore a battery (bank) is required to compensate for the power imbalance and to ensure voltage and frequency stability. The battery power is conditioned by the GSC of the WPSU, Fig. 1 , and is controlled through a voltage/ frequency regulation strategy [10] .
In the islanded mode, the battery power is expressed as
where P chÀmax is the maximum power that can be delivered to the battery when it is being charged. P dchÀmax is the maximum power that can be drawn from the battery when it is being discharged; it is assumed in this paper that 0 , P dchÀmax , P chÀmax .
Based on the battery power, the battery stored energy (in kWh) is described by the following dynamic equation
where E min and E max are, respectively, the lower and upper limits of the battery stored energy, E bat [1] ¼ E min , T ¼ 1 hr is the sampling period, and 1 h 8760. E min and E max impose major implications on the reliability of the system of Fig. 1 .
As (7) indicates, the battery power P bat ¼ P ij À P L must be limited from the upper side to the maximum value P chÀmax . This is ensured through rapid introduction of dump loads, as well as a rather slow control of the DFIG pitch angle. P bat must also be limited from the lower side to ÀP dchÀmax . Thus, in case of inadequate generation, if the pitch angle of WPSU is already at its minimum, the loads may have to be dropped or the system be entirely shut down. The same measures are also taken if E bat [h þ 1] is either to exceed E max or to become less than E min .
The battery power available for export, P ex , is defined as
It should be noted that, unlike P bat , P ex is a positive mathematical variable which bears no physical meaning. P ex represents the amount of power that can potentially be drawn from the battery if P L exceeds P ij . As (9) indicates, P ex depends on E bat and is limited to P dchÀmax ; its magnitude is such that the battery cannot be discharged to any level lower than E min , in 1 hr.
Construction of the capacity-in probability table:
FOR is the probability of a generator being out of service for a period of time [12] . Alternatively, 1 -FOR is the probability of a generator being operational. Thus, the power output of a wind-power unit, as formulated by (4), depends not only on the wind condition, but also on the FOR. This is graphically illustrated by the state transition diagram of Fig. 3 where three states are identified as 'Down', 'Up1', and 'Up2'. The state 'Down' indicates that either the generator is out of service or the wind speed lies within the first piece of (4). 'Up1' and 'Up2' both represent a healthy generator. They, however, correspond to two different wind speed ranges; these are, respectively, (1) the wind speeds higher than V ci but lower than V r , and (2) the wind speeds higher than V r but lower than V co . Table 1 provides the states probabilities and the corresponding power outputs, based on the diagram of Fig. 3 . The states are generically denoted by S (k) ij .
For S (k) ij , k ¼ 1 corresponds to the WPSU, whereas k ¼ 2 represents the CSIG. The subscript i represents the state-ofhealth of the generator in question. Thus, i ¼ 1 represents a healthy corresponding generator, whereas i ¼ 2 indicates that the generator is out of service. The subscript j corresponds to a wind-speed range, as identified in Table 2 . Due to the three wind-speed conditions and states of health, each generator can assume any of the six states introduced in Table 1 . A brief explanation on the construction of Table 1 follows.
Consider, for example, the states S (k) 11 and S (k) 12 . These states indicate that the generator k is healthy and can potentially deliver power. For both states, the wind speed is in such a range that enables power generation. Now consider the state S (k) 13 ; although in this state the generator is healthy, the power output is zero due to the wind speed range (see Table 2 ). In the states S (k) 21 , S (k) 22 and S (k) 23 , the generator is out of service. Consequently, the power output is zero, irrespective of the wind-speed condition. In Table 1 , the power output corresponding to the state S (k) ij is denoted by P (k) ij . Thus, as Table 1 shows, a generator delivers power only if it is healthy and the wind speed is in an appropriate range.
The probability of each state is equal to the probability of the unit being healthy or unhealthy, multiplied by the probability of the wind-speed being within the corresponding range. For example, the probability of S (k) 11 is the probability of the generator being up, that is 1-FOR, times p r (V ci v V r ) which is calculated based on (3). As another example, the probability of S (k) 22 is the probability of the generator being out of service, that is FOR, multiplied by p r (V r v , V co ), and so forth. If both WPSU and CSIG are considered, Table 1 can be  expanded to Table 3 which includes all possible combinations of the states, their corresponding probabilities and their respective power outputs. It should be noted that since both generators are assumed to be subject to the same wind condition, for calculation of p r (S (1) ij and S (2) lj ), the probability of the wind speed to be within a specific range appears as a first-order factor. However, the probability of the availability or unavailability of a generator is assumed to be independent of that of the other generator; the former probability is 1-FOR whereas the latter one is FOR.
If the elements of Table 3 are evaluated numerically and sorted in a descending order in terms of P ij , the resultant table is referred to as the capacity-in probability table. The capacity-in probability table provides the probability of the generated power being less than or equal to a given value.
In constructing the numerical version of the capacity-in probability 11 , can assume any value(s) between zero and the unit(s) corresponding rated power(s), depending on the wind speed in that particular hour. Similarly, the probability of the wind speed to be equal to the wind speed in that hour must be computed. To resolve this complication, the wind-speed range V ci v V r is divided into a number of equal intervals. Then, the average power corresponding to each interval is estimated as (10) where h marks the beginning of the interval and DV is the interval length. The probability of the wind speed being in the range h v h þ DV is calculated based on (3) as
In this paper, the range V ci v V r is divided into four equal intervals. Therefore, the top three rows of Table 3 , collectively, correspond to 12 rows of the numerical version of Table 3 , which is reported in Section 5 as Table 4 . p r (S ij (1) and S lj (2) ) expected total power output 
WPSU GSC rating
In a conventional DFIG-based wind-power unit, the RSC and GSC handle a relatively small fraction of the DFIG electric power, approximately proportional to the DFIG slip and roughly limited to less than about 30% of the DFIG rated power. Although in the WPSU of Fig. 1 the rating of the RSC is the same as that in a conventional counterpart, the rating of the GSC may need to be considerably larger than due to both the battery and rotor power flows, Fig. 1 .
The rotor power can be expressed in terms of the power output P
(1) ij as
where s l signifies the DFIG slip and is related to P
where K is a constant. Fig. 4 illustrates the patterns of variation of s l , P rot and P Equations (12) and (13) enable the construction of a time series for P rot . The time series for P rot is, in turn, used to construct a time series for the GSC power, as
where P bat [h] is given by (7) . Equation (14) indicates that P GSC is composed of two counteracting components. To appreciate this, assume that the wind speed is large at some hours. This results in a large output power P ij . Thus, the DFIG rotor power is positive and relatively large [ (12) and (13), Fig. 4 ]. On the other hand, the large power generation most likely exceeds the load and, thus, results in a positive large value of P bat . Consequently, the effect of large P rot in P GSC is outweighed. The same conclusions can also be made for a condition where the wind speed and the power output are low. The effect described above is desirable since it is in favour of a lower capacity GSC.
Simulation results
The algorithm described in the previous sections has been implemented in the MATLAB software environment. The capacities of the WPSU and the CSIG are P
rat ¼ 1678 kW and P [12, 30] , that corresponds to the minimum and maximum yearly peak power values of, respectively, 120 and 350 kW, Fig. 2 . For the batteries, P chÀmax ¼ 800 kW, P dchÀmax ¼ 350 kW and E min ¼ 0:05E max . For both the WPSU and the CSIG, FOR ¼ 3%. However, FOR ¼ 0 for the battery and the GSC. Table 4 is the numerical version of the capacity-in probability table of Table 3 and used for calculation of the LOLE. In Table 4 
Case 1: Impact of units FOR on the LOLE
The impact of the battery capacity E max on the LOLE, for different values of FOR, is illustrated in Fig. 5 . It is observed that, as expected, without battery the LOLE is prohibitively large. However, it decreases with the increase of E max ; for values beyond about 30 000 kWh, the LOLE is relatively small and any further increase in E max does not result in a substantially lower LOLE. Fig. 5 also indicates that a higher FOR corresponds to a higher LOLE, for a given battery capacity. This impact, however, becomes less pronounced as the battery capacity is increased. 5.2 Case 2: Impact of load distribution and maximum yearly peak power on the LOLE The load distribution can have an appreciable impact on the LOLE against E max curve. Fig. 6a illustrates the curves corresponding to the three different load distributions of Fig. 2. Fig. 6a indicates that while the LOLE exhibits very similar patterns of variation for the normal-and uniformdistributed loads, for a given E max , the LOLE is the lowest for the IEEE-RTS load. Fig. 6b shows the LOLE against E max curves for three IEEE-RTS loads of different yearly maximum peak power values. It is observed that, expectedly, the LOLE increases as the load maximum peak power increases. However, the impact is relatively small for adequately large battery capacities, for example larger than 24 000 kWh.
Case 3: Impact of wind profile and magnitude on the LOLE
The methodology presented in this paper takes advantage of year-round wind-speed data. However, the wind profile is invariably different from year to year. Fig. 7a illustrates that the LOLE against E max curves based on the wind-speed data of the years 2005 and 2007 are remarkably different. However, the impact become negligible if the battery capacity is adequately large, for example larger than 24 000 kWh. Fig. 7b demonstrates the effect of the wind strength on the LOLE against E max curve. To run this simulation, the windspeed time series of the year 2007 has been scaled by factors of 1.1, 1.3 and 1.5. Fig. 7b shows that, as expected, for a given battery capacity the LOLE becomes lower as the scale factor becomes larger. However, the impact becomes negligible at adequately large battery capacities, for example larger than 24 000 kWh.
Case 4: Impact of maximum permissible battery power on the LOLE
This case study demonstrates the impact of the maximum permissible battery charging and discharging rates, that is P chÀmax and P dchÀmax , on the LOLE against E max curves. Fig. 8a indicates that for a given E max , the LOLE decreases as P chÀmax is increased. The reason is that a higher P chÀmax enables a faster battery charging which, in turn, ensures that more energy would be stored in the battery to be dispatched, if at any subsequent hour the load exceeds the generation. A higher P chÀmax translates into a higher-capacity GSC to handle the battery power and, therefore, should be chosen as the lowest value that fulfills the LOLE requirements.
Similarly, Fig. 8b indicates that, for a given battery capacity, the LOLE drops as P dchÀmax is increased. The impact of P dchÀmax on the LOLE is direct. The reason is that P dchÀmax corresponds to the maximum power that can be drawn from the battery, if the load exceeds the generation; this is apparent from (9) . P dchÀmax can be assigned any value between zero and P chÀmax . However, its optimum value is expected to be slightly larger than the load maximum yearly peak power (350 kW in this paper).
Case 5: Impact of grid FOR on the LOLE
The system of Fig. 1 can also operate in the grid-connected mode [10] . Therefore it is worthwhile studying the impact of the grid FOR on the LOLE. Fig. 9a illustrates three LOLE against E max curves that correspond to different values of the grid FOR. Fig. 9b also illustrates a curve that corresponds to a grid FOR of 15% with the assumption that the grid downtime includes a continuous 96-h period. Fig. 9 indicates that, for a given battery capacity, the LOLE increases with the increase of FOR. Moreover, for a given FOR, the LOLE is higher if the downtimes are continuous.
A comparison between Figs. 9 and 5 indicates that the required battery capacity is considerably smaller in the gridconnected mode, as compared to the the islanded mode, even if the grid is fairly unreliable.
5.6 Case 6: GSC rating P GSC [h] is the power that flows through the GSC, at the given hour. Thus the absolute value of P GSC [h] corresponds to the magnitude of power that the GSC must be able to handle in the hth hour. To obtain an idea about the required GSC power rating, the absolute values of P GSC [h] are sorted in a descending order and plotted against the hour axis. The resultant curve is shown in Fig. 10 and can be interpreted in a way similar to an LDC (Fig. 2) . Thus, Fig. 10 indicates the total number of hours during which the GSC power is larger than a certain value on the vertical axis. For our system of study, Fig. 10 shows that the GSC power is always lower than about 800 kW. This result is consistent with the discussion of Section 4 that the maximum value of jP GSC j is about the same as P chÀmax . However, it will be remembered that, in determining the kVA rating of the GSC, the reactive power that this converter exchanges with the rest of the system must also be taken into consideration.
Conclusions
Based on a new reliability assessment method, the reliability of a hypothetical wind-power system augmented with an integrated energy storage device was evaluated. It was shown that many parameters impact the system reliability. Among those, the wind strength plays a significant role. However, the battery capacity plays the most crucial role; the impact of all other parameters become negligible at an adequately large battery capacity. It was also discussed that the battery maximum discharging power should be chosen slightly higher than the expected maximum load peak power. However, provided the battery is properly rated, the maximum charging power can be assigned a considerably larger value, to ensure rapid energy storage and higher reliability. It was further shown that the operation in the grid-connected mode results in a considerably higher reliability, for a given battery capacity, even if the grid is fairly unreliable. The minimum battery size, the converter rating and the expected system reliability, determined by the proposed analysis method, should be viewed as reasonable estimates when a wind-power system with energy storage is planned; they may need to be refined for an installed system. 
